The skeleton shows greatest plasticity to physical activity-related mechanical loads during youth but is more at risk for failure during aging. Do the skeletal benefits of physical activity during youth persist with aging? To address this question, we used a uniquely controlled cross-sectional study design in which we compared the throwing-to-nonthrowing arm differences in humeral diaphysis bone properties in professional baseball players at different stages of their careers (n = 103) with dominant-to-nondominant arm differences in controls (n = 94). Throwing-related physical activity introduced extreme loading to the humeral diaphysis and nearly doubled its strength. Once throwing activities ceased, the cortical bone mass, area, and thickness benefits of physical activity during youth were gradually lost because of greater medullary expansion and cortical trabecularization. However, half of the bone size (total cross-sectional area) and one-third of the bone strength (polar moment of inertia) benefits of throwing-related physical activity during youth were maintained lifelong. In players who continued throwing during aging, some cortical bone mass and more strength benefits of the physical activity during youth were maintained as a result of less medullary expansion and cortical trabecularization. These data indicate that the old adage of "use it or lose it" is not entirely applicable to the skeleton and that physical activity during youth should be encouraged for lifelong bone health, with the focus being optimization of bone size and strength rather than the current paradigm of increasing mass. The data also indicate that physical activity should be encouraged during aging to reduce skeletal structural decay.
The skeleton shows greatest plasticity to physical activity-related mechanical loads during youth but is more at risk for failure during aging. Do the skeletal benefits of physical activity during youth persist with aging? To address this question, we used a uniquely controlled cross-sectional study design in which we compared the throwing-to-nonthrowing arm differences in humeral diaphysis bone properties in professional baseball players at different stages of their careers (n = 103) with dominant-to-nondominant arm differences in controls (n = 94). Throwing-related physical activity introduced extreme loading to the humeral diaphysis and nearly doubled its strength. Once throwing activities ceased, the cortical bone mass, area, and thickness benefits of physical activity during youth were gradually lost because of greater medullary expansion and cortical trabecularization. However, half of the bone size (total cross-sectional area) and one-third of the bone strength (polar moment of inertia) benefits of throwing-related physical activity during youth were maintained lifelong. In players who continued throwing during aging, some cortical bone mass and more strength benefits of the physical activity during youth were maintained as a result of less medullary expansion and cortical trabecularization. These data indicate that the old adage of "use it or lose it" is not entirely applicable to the skeleton and that physical activity during youth should be encouraged for lifelong bone health, with the focus being optimization of bone size and strength rather than the current paradigm of increasing mass. The data also indicate that physical activity should be encouraged during aging to reduce skeletal structural decay.
exercise | intracortical remodeling | osteoporosis | peak bone mass P hysical activity is recommended for skeletal health because bones adapt to elevated mechanical loading. However, a disparity exists between the time when the skeleton shows greatest plasticity to mechanical loads (during youth) and when it is most at risk for failure (during aging) (1, 2) . Do the skeletal benefits derived from physical activity-related loading during youth persist with aging? A popular hypothesis is that physical activity increases peak bone mass to prime the skeleton against the bone loss occurring during aging (3). Prospective observational studies suggest some of the benefits in bone mass generated through physical activity during youth persist into early adulthood (4) (5) (6) (7) (8) (9) ; however, the prospective assessment of lifelong benefits is not practically feasible. Instead, the lifelong skeletal benefits of physical activity during youth can be explored using cross-sectional studies comparing former athletes with controls. Although cross-sectional studies typically do not control for selection bias and secular variations in activity levels, current data suggest that cessation of physical activity after youth is associated with the eventual return of bone mass to control levels (10) .
Although the benefits in bone mass acquired through physical activity during youth may be lost, some of the benefits in bone size and strength may persist throughout life. For the purposes of the current work, "bone size" refers to total cross-sectional area, and "bone strength" refers to torsional rigidity. The torsional rigidity of a tubular bone is dependent on its polar moment of inertia, which is calculated from the radii of its outer periosteal (r p ) and inner endocortical (r e ) surfaces as π(r p 4 − r e 4 )/2. This relationship demonstrates that a bone is stronger if its material is distributed further from its central axis and that periosteal surface changes have a greater influence on strength than changes on the endocortical surface. For example, assuming constant bone material properties and a typical r p : r e ratio of 1.8, a 5% increase in r p (equating to 10% and 15% increases in bone size and mass, respectively) results in a 24% increase in strength. If the same mass of bone added to the periosteal surface was simultaneously removed from the endocortical surface, r e would increase by 15%, but the bone would still be 16% stronger because of its 5% greater r p (i.e., size). Because physical activity during youth preferentially deposits new bone on the outer periosteal surface to increase bone size (11) (12) (13) , and bone loss during aging occurs primarily on the endocortical surface to decrease mass (14, 15) , the benefits in bone size and strength acquired through physical activity during youth have the potential to remain independent of the maintenance of benefits in bone mass.
Cross-sectional and prospective observational studies have suggested that some of the benefits in bone size and strength acquired through physical activity during youth persist into early adulthood (5, 8, 16, 17) , but whether these benefits persist throughout life remains unanswered. We demonstrated that mechanical loading during a period of rapid skeletal growth conferred lifelong benefits in bone size and strength in rodent models (18, 19) . To explore whether the same phenomenon occurs in humans, the current study used a uniquely controlled cross-sectional study design that compared differences in humeral
Significance
Bones adapt to mechanical forces in youth to increase their size and strength but are more at risk for breaking later in life. Do the skeletal benefits of physical activity in youth persist with aging? Here we show at an upper extremity site that half of the benefit in bone size and one-third of the benefit in bone strength obtained from physical activity during youth are maintained throughout life, even though the bone mass benefits are lost. When physical activity was continued during aging, some mass and more strength benefits were preserved. These data suggest that physical activity during youth should be encouraged for lifelong bone health, with the focus being optimization of bone size rather than increasing mass.
diaphysis properties between the throwing and nonthrowing arms of professional Major (MLB) and Minor (MiLB) League Baseball players at different stages of their careers with the differences between the dominant and nondominant arms in agematched controls. The use of baseball players was inspired by the bilateral asymmetry initially observed in tennis players by Jones et al. (20) and minimizes the influence of selection bias because the unilateral upper extremity loading and humeral adaptation associated with overhand throwing (21) (22) (23) enables the nonthrowing arm to serve as an internal control site for inherited and other systemic traits. Similarly, use of MLB/MiLB players reduces secular variations in physical activity levels because individuals who reached professional level baseball typically threw with high volume from a young age, with throwing being the primary unilateral dominant training modality. Also, the game of baseball has not changed in more than 100 y, and the ball weight and the distance and speed at which the ball is thrown have remained relatively constant across generations. Another distinct advantage of studying former MLB/MiLB players (compared with even tennis players) is that they often retire completely from throwing activities once they stop professional play, allowing us to explore the skeletal benefits of physical activity long after the subjects' return to habitual loading. By comparing the differences between the throwing and nonthrowing arms in throwing athletes with the differences between the dominant and nondominant arms in age-matched controls, we isolated the skeletal benefits of throwing from the differences caused by the elevated habitual unilateral loading associated with simple arm dominance.
Using professional baseball players as a model, we addressed: (i) the magnitude and location of adaptations associated with throwing-related physical activity; (ii) whether the skeletal benefits of throwing-related physical activity persist lifelong once throwing is ceased; and (iii) whether there are skeletal benefits of continued throwing-related physical activity in later adulthood.
Results

Overhand Throwing Loads the Humerus and Induces Substantial
Humeral Adaptation. Using a subject-specific musculoskeletal model of the upper limb and a CT-based finite-element model of the humerus (24), we calculated strains within the humeral diaphysis of a MLB player at the time of maximal joint torques during a fastball pitch (Fig. S1 ). In the throwing arm, median and peak tensile strains (change in element length) within each humeral cross-section ranged from 1,100-1,900 microstrain (Fig.  1A ) and 2,588-4,885 microstrain (Fig. 1C) , respectively. Median cross-sectional shear strains (change in element angle) ranged from 0.06-0.09° (Fig. 1B) . Both the tensile and shear strains were increased and showed greater variability when the same throwing forces were applied to the collateral (nonthrowing) humerus, suggesting that adaptation of the humerus in the throwing arm reduced tissue-level deformation and its spatial variability ( Fig. 1 A-C) .
Adaptation to throwing-related strain was assessed via quantitative CT (QCT) of the humeral diaphysis in active throwers (MLB/MiLB pitchers) (n = 9; age = 27.9 ± 2.2 y) and agematched controls (n = 8; age = 27.1 ± 3.8 y) (Table S1 ). Active throwers had a more robust diaphysis within their throwing arm than in their nonthrowing arm ( Fig. 1 D and E) . The differences in torsional strength (indicated by density-weighted polar moment of inertia) between the throwing arm and the nonthrowing arm were substantially greater (≥44%) along the entire diaphysis in throwers as compared with the differences between the dominant arm and the nondominant arm in controls (all P < 0.001) (Fig. 1F ). The greatest adaptation was observed distally, with throwers having 91% [95% confidence interval (CI) = 65-118%, P < 0.001] greater side-to-side differences in torsional strength (measured at 75% of the humeral length from its proximal end) compared with controls. The largest difference in torsional strength between the throwing arm and the nonthrowing arm observed within an individual thrower was 158% (Fig. S2) . The ratio between the maximum and minimum second moments of area in the distal humeral diaphysis of throwers was closer to 1 than in controls (Fig. 1G) , suggesting the development of a more circular bone designed to resist torsion.
The greater torsional strength of the humeral diaphysis in the throwing arm of active throwers resulted from greater total cross-sectional area/size and smaller medullary area ( Fig. 1E and 
test). (G)
The distal diaphysis in throwers had a more circular cross-section than seen in controls, as indicated by a maximum:minimum (I MAX :I MIN ) second moment of area ratio closer to 1 (*P < 0.05, ANCOVA with the contralateral arm as the covariate).
Fig. S3 E and G).
The pattern of adaptation for total area approximated that of torsional strength, with greatest adaptation observed distally. At 75% of humeral length from its proximal end, the side-to-side differences in total area/size were 41% greater in throwers than in controls. The greater size of the diaphysis in the throwing arm suggests throwing increased periosteal bone formation, whereas the smaller medullary area suggests that throwing increased bone formation and/or decreased bone resorption on the endocortical surface. These surface-specific modeling changes contributed to ∼50% greater mineral content, area, and thickness of cortical bone throughout the diaphysis in the throwing arm ( Fig. 1E and Fig. S3 C, F , and H). Throwing had a small negative effect on cortical volumetric bone mineral density, depending on the location of the tomographic slice (Fig. S3A ).
Throwing-Related Physical Activity During Youth Confers a Lifelong
Benefit in Bone Size and Strength. The persistence of the skeletal benefits of throwing during youth was assessed by peripheral QCT of the midshaft humerus in former throwers (MLB players who formerly played as pitcher or catcher) (n = 84) and agematched controls (n = 86) (Table S2 ). When former throwers were divided into decades of years detraining (i.e., the number of years since they stopped throwing), there were no cohort differences in the age at which they started throwing, the total number of years they threw, the age of complete cessation from throwing, or the cumulative number of MLB/MiLB games played (all P > 0.05) (Table S2 ). There were differences in the number of MLB/MiLB innings pitched (P < 0.01), with former throwers who ceased throwing more than 50 y ago pitching more professional innings than those who ceased <10 or 10-19 y ago (all P ≤ 0.04).
To explore the lasting skeletal benefits of throwing among the different age cohorts, absolute side-to-side differences in former throwers and controls were compared to account for the influence of age-related changes in the nonthrowing/nondominant arm on the percent difference calculations. Differences in cortical bone mineral content, area, and thickness observed between the throwing and nonthrowing arms in active throwers were progressively less with each decade of detraining (Fig. 2 C, F, and H) . Former throwers in the 40-49 y and 50+ y detraining groups no longer had differences in cortical bone mineral content (Fig. 2C) or area ( Fig. 2 A and F) between the throwing and nonthrowing arms as compared with controls (all P ≥ 0.21). Similarly, differences in cortical thickness between the throwing and nonthrowing arms in former throwers were no longer present in the 20-29 y and subsequent detraining groups (all P ≥ 0.06) (Fig. 2  A and H) . Dual-energy X-ray absorptiometry (DXA) measures supported the eventual loss of the throwing-derived benefits in bone mass, with side-to-side differences in upper extremity bone mineral content and areal bone mineral density in former throwers in the 30-39 y and subsequent detraining groups being equivalent to those in controls (Fig. S4 B and C) . However, former throwers in the 50+ y detraining group did maintain 12.9% of the throwing-derived benefit in total cross-sectional bone mineral content (combined cortical and trabecular/subcortical bone mineral content) at the midshaft humerus (P = 0.02) (Fig. S4A) .
The progressive and eventual loss of the throwing-derived benefit in cortical bone mass resulted from accelerated medullary expansion and cortex trabecularization in the throwing arm ( Fig. 2A) . Accelerated medullary expansion was evidenced by the greater medullary area in the throwing arm of former throwers in the 10-19 y and subsequent detraining groups (all P < 0.05) (Fig.  2 A and G) , whereas greater trabecular/subcortical bone mineral content in the throwing arm of former throwers in the <10 y and subsequent detraining groups provided evidence of accelerated cortex trabecularization (all P < 0.001) (Fig. 2 A and D) . There were no side-to-side differences in volumetric bone mineral density of the nontrabecularized cortex between former throwers in any detraining cohort and controls (all P > 0.05) (Fig. 2B) . Fig. 2 . Physical activity-related mechanical loading during youth conferred lifelong benefits in cortical bone size and estimated strength but not in cortical bone mass. (A) Peripheral QCT images of the midshaft humerus in representative former throwers show increased medullary expansion and cortex trabecularization (arrows) in the throwing arm with increasing years of detraining but maintenance of loading effects on overall bone cross-sectional size. (B-I) Graphs show the maintenance of the effects of physical activity during youth on cortical volumetric bone mineral density (B); cortical bone mineral content (C); trabecular/subcortical bone mineral content (D); total cross-sectional area (E); cortical cross-sectional area (F); medullary cross-sectional area (G); cortical thickness (H); and density-weighted polar moment of inertia (I). Data show the mean difference and 95% CI between the throwing and nonthrowing arms in former throwers normalized to the differences between the dominant and nondominant arms in controls. CIs greater or less than 0% indicate differences between the throwing and nonthrowing arms in throwers that are greater or less, respectively, than the differences between the dominant and nondominant arms in controls (*P < 0.05, † P < 0.01 and ‡ P < 0.001, unpaired t test). Source data are provided in Table S3 .
In contrast to the eventual loss of the benefit in cortical bone mass, former throwers in all detraining groups maintained a proportion of the throwing-derived benefit in bone total area/ size (all P < 0.001) (Fig. 2 A and E) . As compared with controls, former throwers in the 50+ y detraining group had a difference of 0.56 mm 2 (95% CI = 0.34-0.79 mm 2 , P < 0.001) in total area/ size between the throwing arm and the nonthrowing arm; this difference represents more than half (55.5%) of the throwingderived benefit observed in active throwers (1.02 mm 2 , 95% CI = 0.74-1.29 mm 2 , P < 0.001) (Fig. 2 A and E) . The persistent benefit of throwing on size contributed to maintenance of the throwing-derived benefit in bone strength, with former throwers in the 50+ y detraining group (0.62 mm 4 ; 95% CI = 0.33-0.91 mm 4 , P < 0.001) still having more than one-third (33.7%) of the benefit in torsional strength observed in active throwers (1.83 mm 4 ; 95% CI = 1.34-2.32 mm 4 , P < 0.001) (Fig. 2I) . The throwing-derived benefit in bone size and strength persisted in the 50+ y detraining group despite throwing-to-nonthrowing arm differences in lean mass and range of glenohumeral external rotation being less than dominant-to-nondominant arm differences observed in controls (all P < 0.05) (Fig. S4 D and H) . The lean mass data suggest that the benefits in bone size and strength conferred by physical activity during youth were maintained despite the loss of any muscle benefits.
Throwing-Related Physical Activity Continued During Aging Maintains Some of the Cortical Bone Mass and More of the Bone Strength
Benefits. The skeletal benefits of continuing to throw during aging were assessed by peripheral QCT of the midshaft humerus in cohorts of continuing throwers (former MLB players who continued to throw for >20 y after retirement from professional throwing) (n = 10; age = 71.2 ± 3.8 y) and age-matched former throwers (n = 16; age = 72.1 ± 3.7 y) and controls (n = 18; age = 73.7 ± 3.6 y) (Table S4 ). Continuing and former throwers were comparable in the age at which they started throwing, the age at which they ceased professional throwing, and the cumulative number of MLB/MiLB games played and innings pitched (all P > 0.05) (Table S4 ). Continuing throwers threw for an additional 24.6 ± 5.4 y after ceasing professional play by participating in baseball internationally or at a lower level of competition and/or as a pitcher for batting practice or coach. Continuing throwers had ceased all forms of throwing 14.5 ± 9.0 y ago, compared with 38.8 ± 5.8 y ago in the former throwers (P < 0.001).
The side-to-side differences in cortical bone mineral content and area were greater in continuing throwers than in either former throwers or controls (all P < 0.05) (Fig. 3) . These data were supported by greater side-to-side differences in the DXA measurements of the upper extremity in continuing throwers as compared with both former throwers and controls (all P < 0.05) (Fig. S5) . The absolute side-to-side difference of 41.9 mg/mm (95% CI, 13.6-70.3 mg/mm, P < 0.01) in cortical bone mineral content in continuing throwers normalized to controls was approximately a quarter that observed in active throwers (150.4 mg/mm; 95% CI, 127.2-173.5 mg/mm, P < 0.001). Maintenance of some of the throwing-derived benefits in cortical bone mass in continuing throwers appeared to result from reduced endocortical bone loss and cortical trabecularization, as evidenced by the sideto-side differences in medullary area and trabecular/subcortical bone mineral content in continuing throwers being equivalent to those in controls (all P > 0.98) and less than in former throwers (all P < 0.05) (Fig. 3) . Continued throwing conferred no added benefit in bone total area/size, with differences between the throwing and nonthrowing arms being comparable in continuing and former throwers (P > 0.95) (Fig. 3) . The net results of less medullary area and unchanged total area in continuing throwers was greater side-to-side differences in cortical thickness as compared with former throwers (P = 0.03) and greater side-to-side differences in torsional strength as compared with both former throwers and controls (P < 0.05) (Fig. 3B) . Continuing throwers (0.92 cm 4 , 95% CI, 0.62-1.24 cm 4 , P < 0.001) normalized to controls maintained 50% of the throwingrelated benefit in torsional strength observed in active throwers (1.83 cm 4 . 95% CI, 1.34-2.32 cm 4 , P < 0.001), whereas former throwers maintained 38% of that benefit (0.69 cm 4 ; 95% CI, 0.42-0.96 cm 4 , P < 0.001).
Discussion
The principal observation of the current work is the lifelong maintenance of the benefits in bone size and strength conferred by physical activity performed during youth. Former MLB players in their ninth decade of life retained more than half of the throwing-related benefits in bone total cross-sectional area/ size and one-third of the throwing-related benefits in bone torsional strength observed in currently active MLB/MiLB players, even though their throwing activities ended more than 50 y ago and the throwing-related benefits in bone mass declining more rapidly. The benefits in size and strength conferred by physical activity are considered to be maintained lifelong, because the former throwers in the 50+ y detraining group (age = 83.8 ± 2.3 y) were older than the current life-expectancy of males in the United States (76.4 y) (25) . The evidence that some of the bone-related benefits acquired through physical activity during youth persist throughout life, even after long-term return to habitual levels of loading, has important public health implications. In particular, it indicates that the old adage of "use it or lose it" is not entirely applicable to the skeleton and that physical activity during youth should be strongly encouraged for lifelong bone health. The observed greater maintenance of the benefits in bone size conferred by physical activity suggests the focus of physical activity and assessment of its effects should emphasize the optimization of bone size rather than the current paradigm of achieving a higher peak bone mass. Whether the same results hold true in females remains to be established; males and females may have differing skeletal responses to physical activity and subsequent detraining (16) . Although physical activity performed during youth had lifelong benefits related to bone size and strength, it did result in accelerated age-related changes in bone mass and structure. Fig. 3 . Continued physical activity during aging maintained a proportion of the benefits in bone mass and more of the benefits in bone strength induced during youth. (A) Peripheral QCT images of the midshaft humerii in representative individuals showed less medullary expansion and cortical trabecularization (arrows) in the throwing arm of the continuing thrower than in the throwing arm of the former thrower. (B) Cortical bone mineral content and density-weighted polar moment of inertia were greater in continuing throwers than in former throwers and controls; cortical thickness was greater in continuing throwers than in former throwers; and trabecular/ subcortical bone mineral content and medullary area were smaller in continuing throwers than in former throwers. Data show the mean percent difference and 95% CI between the throwing arm and the nonthrowing arm in throwers normalized to the differences between the dominant arm and the nondominant arm in controls. CIs greater than 0% indicate greater differences between the throwing arm and the nonthrowing arm in throwers than between the dominant arm and the nondominant arm in controls ( † P < 0.01; ‡ P < 0.001); § indicates significant differences between continuing and former throwers (P < 0.05; one-way ANOVA with Tukey post hoc comparisons).
Benefits in cortical bone mass were lost and benefits in total (cortical plus trabecular/subcortical) bone mass declined substantially with increasing years of detraining. The accelerated loss of benefits in bone mass after the cessation of physical activity makes evolutionary sense given that humans evolved for endurance (26) and it is energy inefficient for the skeleton to maintain its mass in excess of prevailing needs. Age-related cortical bone loss is characterized principally by intracortical remodeling within the cortex adjacent to the medullary cavity (27) . The remodeling thins the cortex from within by cavitation and leaves cortical remnants that look similar to trabeculae. In the current work we found that intracortical remodeling accelerated rapidly after the cessation of physical activity and was evident by greater medullary expansion and characterization of cortical bone material as trabecular/subcortical. This remodeling also was visibly evident as greater intracortical cavitation in the throwing arm of former throwers in the 30-39 y and subsequent detraining groups (Fig. 2A, arrows) . The result was the rapid loss of the benefits in cortical bone mass, area, and thickness acquired through the physical activity performed in youth.
Throwing-related physical activity had a small negative effect on cortical volumetric bone mineral density in select tomographic slices of the humeral diaphysis in active throwers. The small (<3%) decrease in density is consistent with a previous report of the effects of physical activity on the skeleton (28) and possibly resulted from an accumulation of load-induced microdamage and the initiation of intracortical remodeling and/or the incomplete mineralization of load-induced new bone accrued on the periosteal and endocortical surfaces. However, the lower cortical density did not persist in any of the former thrower cohorts, indicating that a previous history of physical activity did not influence density within the remaining compact bone of the cortex during aging.
The benefits in cortical thickness declined rapidly after cessation of throwing-related physical activity and were lost within 20-29 y of detraining. However, differences in cortical thickness between the throwing arm and the nonthrowing arm in former throwers were never less than the differences between the dominant arm and the nondominant arm in controls, indicating that the rate of cortical bone thinning in the throwing arm of former throwers stabilized with ongoing detraining. One reason for the stabilization may be progressive periosteal expansion of the throwing arm during aging. There is general consensus that bones expand with age (14, 15) . Periosteal expansion appeared to occur with age in the current study, with total area in the throwing and nonthrowing arms predicted using linear regression (29) as increasing by 0.72 mm 2 /y and 0.92 mm 2 /y, respectively. The slower rate of expansion in the throwing arm explains why not all of the benefit in total area/size benefit derived from physical activity during youth persisted throughout life; however, the progressive expansion in the throwing arm with advancing age raises a question regarding its stimulus. One hypothesis may be that periosteal expansion occurs during aging to compensate for age-related mechanical decay; however, this hypothesis does not appear to fit with the current data, because the throwing arm expanded even though it was mechanically superior. It is possible that the periosteal expansion in the throwing arm resulted from a need to reduce a loss of buckling resistance associated with thinning of its cortex during the initial decades of detraining or that nonmechanical stimuli are responsible. These hypotheses require further investigation.
To maximize the lifelong skeletal benefits of physical activity during youth, the current work suggests that activity should be continued during aging. Continuing to throw during aging resulted in greater maintenance of the benefits in bone strength engendered by the physical activity during youth. Continued physical activity conferred no additional benefit on bone size during aging, probably because a reduced loading stimulus was introduced to an already adapted periosteal bone surface. However, continued activity appeared to reduce the accelerated remodeling of the cortex adjacent to the medullary cavity that was observed with the complete cessation of physical activity in former throwers. Although increasing overall bone size is the most efficient means of enhancing bone strength, the seemingly lower medullary expansion and intracortical bone loss with continued throwing during aging provided a small but significant additional benefit in bone strength. These data indicate that physical activity conveys ongoing benefits by reducing structural decay, furthering evidence of the benefits in bone strength conferred by physical activity during aging (30) .
Final observations of interest are the bone strains calculated in the humerus of an MLB pitcher and the magnitude of adaptation observed in currently active throwers. Throwing exposed the humerus to extreme loading. Peak tensile strains calculated in the humerus of the throwing arm (4,885 microstrain) were nearly twice those reported in the tibia during running and jumping activities (31), although they still were below the fracture threshold of cortical bone (∼8,000-10,000 microstrain). When the same throwing forces were applied to the collateral (nonthrowing) humerus, strains were elevated and peak tensile strains (18,452 microstrain) surpassed fracture thresholds. The reduced strains in the throwing arm indicated that the humerus had adapted to reduce tissue-level deformation, as demonstrated in a previous animal model (32) . Throwing-related physical activity nearly doubled the torsional strength of the humerus compared with the contralateral (internal control) arm, with the humerus in the throwing arm of one individual player being more than 2.5 times stronger than the humerus in the contralateral arm (Fig. S2) . These adaptation data exceed previous reports of upper extremity bilateral asymmetry induced by physical activity (12, 13, 20, 22, (33) (34) (35) , establishing new levels for the plastic potential within the skeleton. Similar magnitudes of bilateral asymmetry are not expected in studies of the lower extremity because of the heightened habitual bilateral loading associated with weight-bearing in both athletes and controls. Unexpectedly, the location of highest predicted strains (proximal diaphysis) and greatest bone adaptation (distal diaphysis) did not overlap. A possible explanation for this disparity may be higher habitual loading at the upper diaphysis resulting from shoulder muscle action and an ensuing reduction in skeletal mechanosensitivity resulting from cellular accommodation (36, 37) .
The current studies have a number of strengths resulting from the use of former professional baseball players as a model; however, they also have limitations. Former MLB baseball players of differing ages are considered to have minimal secular variations in throwing activities during youth and consequent adaptation at the completion of their professional careers. Although most assessed parameters of physical activity levels were equivalent among the cohorts of former throwers, former throwers in the 50+ y detraining group had thrown more professional innings than those in cohorts with fewer years of detraining. The latter difference is not considered to have introduced significant cohort variations in terms of the magnitude of adaptation induced during youth, because bone adaptation decays exponentially with repetitive loading, and former MLB players fall toward the upper end of the loading repetition axis where mild or even moderate changes in loading repetition have minimal impact on resultant skeletal adaptation. Supporting the validity of our data are the contrasting maintenance of the benefits in bone mass and size acquired through physical activity during youth and the relatively consistent pattern of bone changes among the different cohorts of former throwers. Other limitations of the current work include the modeling of strains in a single MLB player at a single time point during the throwing motion and the study of the lasting skeletal benefits of physical activity in males at only an upper extremity, cortical-rich site that is not prone to osteoporotic fracture. It is possible that conclusions would differ if the study were performed in women and at a trabecular-rich and/or lower extremity site that is prone to osteoporotic fracture.
Ultimately, the current data indicate that physical activity performed during youth confers lifelong benefits in bone size and strength, even though the cessation of activity is associated with accelerated age-related changes in bone mass and structure.
The data also indicate that physical activity continued during aging can reduce age-related bone changes so as to maintain some of the benefits in bone mass and more of the benefits in bone strength acquired through physical activity during youth. Whether these benefits influence the risk of fracture at sites prone to osteoporotic fracture remains to be shown.
Methods
A full description of the methods is provided in SI Methods.
Participants. We recruited 103 throwing athletes and 94 age-matched controls. Active throwers (n = 9) were currently competing as pitchers in MLB or MiLB (Triple A level). Former throwers (n = 84) had played in at least one game of MLB as a pitcher or catcher and had not participated more than once per month for longer than 6 mo in any one-arm-dominant activity since leaving professional baseball. Continuing throwers (n = 10) had played in at least one game of MLB as a pitcher, were aged 65-80 y, and had thrown a minimum of three times per week for at least 20 y after leaving professional baseball. Agematched controls had participated no more than once per month for no more than 6 mo in any one-arm-dominant activities. All participants provided written informed consent, and all study procedures were approved by the Institutional Review Boards of Indiana University and St. Vincent's Birmingham.
Strain Within the Humerus During Throwing. A subject-specific musculoskeletal model was used to estimate strains during a fastball pitch performed by an MLB player (24) . Muscle volumes within the player were obtained from 3D MR images (Siemens). Net joint torques were calculated using inverse dynamics from 3D joint angles at the shoulder and elbow, as previously described (38) . Calculated muscle forces and joint reaction forces were applied as nodal point loads to a finite element model of the player's humerus obtained from CT data (Phillips). A linear stress analysis was used to calculate the maximum principal strain at each node.
Shoulder Muscle Strength and Range of Motion. Bilateral concentric shoulder external and internal rotation torques and range of shoulder internal and external rotation were assessed in former and continuing throwers and controls, as previously described (23) .
DXA. DXA (Hologic) was used to obtain whole-body (minus the head), hip, and lumbar spine areal bone mineral density (g/cm 2 ). Whole-body scans also provided measures of whole-body lean mass, percent fat mass, whole-arm bone mineral content, areal bone mineral density, and lean mass.
QCT. The bilateral humerii of active throwers and controls were imaged using a multislice helical CT scanner (Phillips). All throwers (active, former, and continuing) and controls had the midshaft humerus in both arms assessed by peripheral QCT (Stratec), as previously described (23) .
Statistical Analyses. Side-to-side differences between the throwing and nonthrowing arms in throwers were assessed by calculating absolute differences (throwing − nonthrowing) and mean percent differences [(throwing − nonthrowing)/nonthrowing × 100]. Similar analyses were performed to determine differences between the dominant and nondominant arms in controls. Throwing effects were determined by comparing the absolute or percent difference values between activity groups (throwers vs. controls).
